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ABSTRACT 


This research program investigated the frequency response 
and quantum efficiency of optical photodetectors for heterodyne 
receivers. The measurements utilized two spectral lines from the 
output of two lasers as input to the photodetectors. These lines 
were easily measurable in power and frequency and hence served as 
known inputs. By measuring the output current of the 
photodetector the quantum efficiency was determined as a 
function of frequency separation between the two input signals. 
An investigation of the theoretical basis and accuracy of this 
type of measurement relative to similar measurements utilizing 
risetime was undertaken. 

A theoretical study of the heterodyne process in 
photodetectors based on semiconductor physics was included so 
that higher bandwidth detectors may be designed. All 
measurements were made on commercially available detectors and 
manufacturers specifications for normal photodetector operation 
are compared to the measured heterodyne characteristics. 
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Technical Summary 

Laser heterodyne systems have recently come to the forefront 
of technology for gas concentration measurements, remote sensing 
applications and communication systems. Applications have 
included planatary and atmospheric studies, exhaust analysis, 
possible rocket plume detection and Doppler. Lidars [1]. Usually 
the system employed for these . measurements uses the near infrared 
wavelength region, however, a visible wavelength system is 
possible and for some applications 1 is desired. These 
applications include oceanographic temperature and salinity 
measurements, chlorophyll and oil detection and possible 
applications in connection with blue-green laser communication 
for submarines. 

One of the chief requirements for a heterodyne system is a 
wide-bandwidth photomixer. This is one of the difficulties in a 
visible heterodyne system, because the normal photodetector has a 
bandwidth of less then 1 GHz. For temperature and salinity 
measurements, a bandwidth of 8 GHz is desired. This study 
evaluated photodetectors to be used as mixing elements 
(photomixer) for such a system. 

The desired feature for this application is a detector with 
high quantum efficiency at high frequencies and low noise to 
yield a high signal-to-noise ratio. The low noise can be 
achieved partially by having a low dark current; a quantity which 
is easy to measure. The quantum efficiency is considerably more 
difficult to measure and was subject to this study. 

Previously, the frequency response (and hence quantum 
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efficiency) of a photodetector was found by measuring the shot 
noise spectrum of the device. This type of measurement is very 
misleading and at most is useful for only a maximum response 
spectrum [ 2 ] . Recently the frequency dependent quantum 
efficiency has been measured in heterodyne applications by 
measuring signal-to-noise ratios [3-5], 

In this study the quantum efficiency as a function of 
frequency was measured using two single mode laser sources which 
could be tuned to give a frequency separation varying between 100 
MHz ad 10 GHz. The input optical powers to the photodetector and 
the output current were then measured and the quantum efficiency 
was calculated. These measurements cover the output frequency 
range from dc to 10 GHz and are taken between pairs of wavelengths 
in' the 537-580 ym region. 

A detailed theoretical analysis was undertaken- and is 
presented in a Ph.D disseration, ref. 12. From this analysis more 
efficient photodiodes can be designed. Data supplied by the 
photodetector manufactures was used to calculate the expected 
frequency response of the detectors and this response was 
compared to the measured response. The calculated responses only 
agreed with the measurements when mounting and package 
capacitances were estimated as measured. 

The results of this study are summarized in the attached 
paper submitted for publication. Additional measurements are 
found in reference 12 along with a more detailed discussion of the 
measurement technique. 
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Fiber cptic heterodyne systems and heterodyne remote sensing 
applications have recently received increasing interest (1-3] . 
These applications usually require photodetectcr s with frequency 
responses in the GHz range [3]. 

In applications such as space based LIDAR systems, enact 
knowledge of the photode tector frequency response is required. 
17 h i 1 e there has been much theoretical work done on heterodyne 
detection, this theory has .not been confirmed with true device 
heterodyne frequency response measurements. This paper will 
confirm the theory and present measurements on several devices. 

The phot ode tector , when used as the mixing element in a 

\ ; 

heterodyne system, is usually a semiconductor p-n or p-i-n 
junction device. In the optical spectrum, these devices act as 

l 

particle detectors or quantum-mechanical square-lav/ detectors. 
An output current at the difference frequency is produced when 
two electro-magnetic waves with proper alignment are incident on 
the detector [4-9]. 

The semiconductor detectors are usually operated in a 
reverse bias mode, creating a large electric field in the 
depletion region of the diode. V.’hen the incident radiation, 
having an energy per photon greater than the bandgap of the 
semiconductor is absorbed, electron-hole pairs are created. The 
electron-hole pairs created in the depletion region are swept 
away by the large electric field creating a drift current. Any 
minority carriers created outside this region that can diffuse to 
the depletion region will also be swept across by the electric 
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field creating a diffusion current.’ Both of these response 
processes, drift and diffusion, nave a characteristic response 
time and thus a characteristic frequency response. 

There are two major methods of illuminating the detectors. 
In front illumination, which is the method usually used, the 
radiation propagates parallel to the electric field (Fig. la). 
This method creates non-uniform generation since along the 
direction of current flew the number of carriers v/ill vary due to 
the exponential absorption of the radiation. Side-illumination 
produces uniform generation since the absorption is orthogonal to 
the electric field, and hence the direction of current flov/, Fig. 
lb. ... 


FREQUENCY RESPONSE OF THE DRIFT AND DIFFUSION PROCESSES 
Luccusky, et’al, have presented the response for the drift 
process with both uniform and non-uniform generation [10], For 
uniform generation with incident flux $ , the generation rate is 

g = a$ exp(-ay)[l + A exp(joot)] (1) 

where a is the material absorption coefficient and w is the 
difference frequency. The induced real current density is given 
by 

J(y,t) = gadexp(-ay) w [1 + A cos (wt+ 4>)|F|]. 

( 2 ) 


where w is the width of the depletion region and F is the 
frequency response function given by equation la in the appendix. 
The phase angle, <f> , is the arctan [ I n - (F) /Re (F ) ] . 

The generation rate for non-uniform generation is given by 
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<5>a exp(-ax)[l + A exp(jmt)] 


(3) 


and the frequency response function is considerably more complex 
as equation 2a shows {see appendix). This illumination method 
yields the faster response time of the two methods. Figure 2 
shows the non-uniform frequency response for values 
representative of silicon at 0.51 urn wavelength radiation. As 
shown, with thin depletion regions {< urn), bandwiaths in excess 
of 10 GHz can be expected from the drift process. 

Unless steps are taken to eliminate it, however, there will 
be a current produced due to the diffusion process. This 
process, previously discussed by Sawyer et al. [11], is much 
slower, and therefore, yields much 1 ow e r bandwidths. For uniform 
generation the induced diffusion current is given by [11, 12] 


, _ -qa$exp(-ay)L 

ac D 


s(l-exp(-£)) = -j- 


x D x 

s cosh sinh 

x ~ET x 

s sinh cosh -jj 


L " 

n - 


(4) 


s(l-exp{- -£)) + exp(- j-^-L 

J ac = -q^ ex p(- a y) A ex P (Jwt) L c f 1 x or^ — - c 


x x _ J (5) 

(s)sinh (j-£) + cosh(p^) 

L c L c L c 

v/here the total current is given by Jdc + lac' L t ^‘ e diffusion 


length, Xp j_ s the p region thickness, D n is the electron velocity 
carrier aif f us 
length given by 


carrier diffusion coefficient and L r s t ^ ie c onvple>: diffusion 


( 0 ) 

1 /l + im' 


1/2 


Jw 


( 6 ) 


The frequency response function is given by Jac/ldc the 

modulation factor, A, equal to unity. Non-uniform generation 
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J dc = -qiG(L) 


( 7 ) 


J ac = " Ac i3exp(ja)t)G(L c ) 


■ ( 8 ) 


v;here 



G(L) 


7~T~p~ * D ^xp (-ax )• 
U Z2[2<- n . 


(^5- + 1) cosh + (k + l L) sinh ( ^L } 

n n 

x x ■ 

cosh (-£) + (|k) S i nh (_£) 


(5) 


Figure 3 shows the frequency response for non-uniforn 
generation using rriaterial values representative of lov;-doped 
silicon at 0.51 un. Bandwicths on the order of 1 GHc can be 
obtained using thin regions (<1 uni). This process obviously has 
a much lower response than the drift process. 


RC EFFECTS 

Regardless of the current producing process, the drift 
process or diffusion process, the RC time constant of the diode 
will also affect the frequency response of the diode. The 3 dE 
frequency due to this effect is given by 


f RC “ w/[2ir(R s + P-L) eA ti3 (10) 

where. R s is the diode series resistance, Rp * s load 

resistance and the junction capacitance is given by e- A^/v? where 
is the device area and e is the material perir.itivi ty. 

Having a know ledge of these frequency limiting processes, 
general device design guidelines can be formulated [12] and 
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response predictions 
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frequency 
parameters . 


can be m ace fro:;-, known 


ci ooe 


EXPERIMENTAL MEASUREMENT PROCEDURE 

The heterodyne efficiencies have been measured for several 
devices using the apparatus of Fig. 4. Here, two tunable single 
frequency Argon-ion lasers are used to generate the optical 
signals to the photodetector. The photodetector, which is being 
characterized, is connected to a microwave pov/er meter so the 
output difference frequency power can be measured. A second 
miner diode is used in the system to detect the difference 
frequency for display on a RF spectrum analyzer to provide 
frequency and stability information. An optical spectrum 
analyzer is also used to check spectral purity and stability of 
the two optical signals. '......-w.. . . 

A focusing lens is usee to focus the radiation on the 
detector. The focal length of this lens is determined by the 
size of the detector; the focused spot size is chosen to match 
the detector size. For a circular detector of radius p 
intercepting 98% of the incident radiation the focal length is 
given by, 


f = ^P 3 

A /T 


( 11 ) 


where a is the incoming gaussian beam intensity radius (1/e 
points) and x is the wavelength of operation. 

■ A coherent Innova 90 and a Leo: el model 75 were used as the 
sources. The beam radius on these lasers v/ere different (0.75 mm 
for the coherent and 0.45 mm fer the Lexel) and thus the maximum 
mixing efficiency obtainable is 78% [12, 13, 8) so if absolute 
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measurements are desired this factor must be considered. 

The device efficiency is measured at a particular frequency 

by measuring the power (P cf P L ) from each laser incident on the 

focusing lens and the output of the detector as measured on the 

microwave power meter, p . The efficiency is then civen by 

P . ' 

r ,. ,' /2h v , , b ' 4. 

p c Pi p rrar (2 z) i/2 . 02 

v/here h is Plack's constants is the optical frequency, a is the 
load impedance. R is taken as the 5 combined reflection 
coefficients of the lens, detector window and device surface so 
that internal quantum efficiency is obtained. 

DEVICE i lEASUREMEIIT-S ' ' _ . . 

Several commercial devices have been characterized by the 
measurement system described. Two of these devices were high 
bandvidth or ultra-fast response detectors. The other detectors 
characterized v/ere available in our laboratory and were 
characterized only for comparison with those -presented here [12]. 
Results for the two fast response detector are summarized in this 
section. 

The Ford Aerospace L4502 specifications are given in Table 
1. A computer simulation of the fabrication process was provided 
by the manufacturer. This simulation generates an impurity 
profile for the device which can tiien be used to find the 
depletion region width and the p-layer thickness. These were 
found to be 1.5 urn and 2.2 um, respectively, which indicates that 
£9% of the radiation is absorbed in the p-layer and 9% is 
absorbed in the depletion region.- The remaining 2 T s is absorbed 
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in the n region. This device will be diffusion process limited 
since most of the radiation is absorbed in the p-l.ayer. The 
junction capacitance was also predicted to be approximately 1 pf 
which is lower than the specifications, however considering 
package effects and fringing the comparison is reasonable. / 

The average measured dc efficiency of the device at 0.514. urn 
is 40%. Much higher efficiencies were measured in localized 
areas using a short focal length (2.5 cm) lens. These 
measurements are shown in Table 2. This variation in efficiency 
indicates the field distribution will effect the measurements 
if the frequency response also varies across the detector. [8, 
14] A window transmission factor of 0.9, a theoretical air- 
silicon interface transmission factor of 0.94 or 0.91 for the 2.5 
cm and 20.0 cm focal length lens, respectively are assumed. 
Since these values were not measured the quantum efficiencies 
have some uncertainty associated with them. It can only be 
stated that the average efficiency of the entire device, 
including window and the surface reflection at 0.514 um, is 22%. 

Ac measurements on the device yield Figs. 5 and 6. These 
measurements use the same transmission factors as discussed for 
the dc measurements. These figures also show the measured dc 
efficiencies for the respective measurement runs. The difference 
between the dc efficiencies and the low frequency ac efficiencies 
is due to the mixing efficiency. In all cases the difference is 
almost exactly the 78% that was predicted by considering the 
field distributions. 

The measured data plotted in Fig. 5 shows that variations in 
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the frequency response do occur across the surface of the 
detector. These measurements were taken with a 2.5 cm focal 
length lens, thus yielding spot sizes of 8 urn and 13 um for the 
Coherent and Lexel lasers respectively. These measurements, 
therefore, are not indicative of the entire detector, but of 
various spots on the detector. The variations do not appear to 
be severe, but the measured efficiencies will vary somewhat 
depending on the optical field distributions used to make the 
measurements. 

Figure. 6 shows the efficiencies measured using a 20.0 cm 
focal length lens. This -response is representative of the entire 
device since this lens produces spot sizes of 60 um and 100 um 
for the Coherent and Lexel lasers respectively. This figure 
clearly indicates three major areas of operation. At low 
frequencies diffusion current dominates, producing the majority 
of the current at frequencies less than a few hundred MHz . At 
frequencies near 1 GHz the diffusion current has rolled off and 
the drift current dominates. Above this frequency RC rolloff 
occurs and the response decreases at approximately 10 dB/decade. 

Using the measured average dc efficiency, the depletion 
region and p-region widths found above, a theoretical prediction 
of the response can be made. This prediction is made by 
weighting the response of each region by the absorption 
efficiency of that region to obtain a total predicted response. 
So that direct comparison to the measured data can be made, the 
total response is then weighted by an RC rolloff factor with a 3 
dB frequency of 2 GHz. The 2 GHZ rolloff frequency is equivalent 
to a 50 ohm load, a series resistance of 5 ohms, and a junction 
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capacitance of 1.5 pf. These numbers are reasonable for this 
device and the data seems to indicate that rolloff occurs at this 
frequency. The p-region response is obtained by using a surface 
recombination velocity such that a total dc efficiency of 40% is 
obtained. The predicted response is shown as the solid curve in 
Fig. 7. This response was obtained using a diffusion coefficient 
of 10 cra2/ sec# f or the P-region, corresponding to an impurity 
level of 2 x 10- 1 ® cia"^. A n-region diffusion coefficient of 2.5 
cmVsec was used which also corresponds to an impurity level of 
2 x 10 cm“3. 

The predicted response compares very well with the measured 
data at frequencies below 2 GHz. Above 2 GHz the response rolls 
off at 17 dB/decade indicating that more than a single RC pole 
exists. This implies that the package and the contacts from the 
package to the diode are affecting the response. The equivalent 
circuit for the diode, package and bias Tee is shown in Fig. 8. 
It has been shown (12] that if the package capacitance is 
negligable the microwave detector current, I L , supplied to the 50 
ohm microwave power meter load, R^, is given by 

= 1 C131 
'photo + K p + «L + V + 1 

The diode is mounted on the center post of a BMC connector 
with the p-region connected to the outside conductor of the 
connector through a 25 urn diameter, 0.23.8 cm (3/32") long wire. 
Assuming a copper wire, the high frequency impedance of this wire 
is [15] 
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(14) 


3 

Z = 3.32 x 10 vf (1 + j) ohms 

Using this to determine Rp and wLp the package effects can be 
included and the resultant response is calculated using (13) and 
is shown ir. Fig. 9. Comparing these curves to Fig. 7, the 
measured response iss between that preoicto by a 2 GHz RC rolloff 
and the calculated inductor rolloff. Since, the package 
capacitance has been neglected, and a theoretical value for the 
impedance of the wire has been used, it is not suurprising that 
the calculated rolloff was greater than measured. 

The response without the 2 GHz RC rolloff or the package 
effects is shown in Fig. S as the short circuit response. Since 
the device is also available in a better microwave package, this 
short circuit response is representative of what performance 
could be expected from the photodiode in a better package 
operating into a low impedance load. Figure 10 shows the 
frequency response of the individual processes. As can easily be 
seen the bandwidth is limited by the response of the p-layer. 
The bandwidth of the n-layer is net high either, but this region 
only absorbs 3% of the incident radiation. This device is thus 
limited in bandwidth severely by the thick p-layer. 

• The ' specifications for the Opt o-El ec tr onics PD-015-03 
detector are listed in Table 3. The impulse response measured by 
the manufacturer is shown in Fig. 11 and as this and the 
specifications shew the risetime of the device is 355 psec. 


10 


As the dc measurements in Table 4 indicate, a vast range 
of dc efficiencies were obtained. It is likely that this is 
partly due to saturation effects. The short focal length lens, 
yielding smaller spot sizes and thus higher power densities 
consistently yielded lower efficiencies. The last five measure- 
ments (three measurements with the Lexel laser and two with the 
Coherent) in the table show a steadily increasing efficiency for 
each laser when lower power was used. It is thus probable that 
saturation of the detector was occuring, however, if this did 
occur it did not affect the frequency response as will be seen 
later. It is hard to accurately determine the quantum efficiency 
without being able to measure the transmission factor of the 
window and the reflection coefficient of the silicon. Here the 
measured transmission factor of the focusing lens (0.91 or 0.94), 
the estimate of the transmission factor of the detector window 
(0.9), and the transmission factor of the air-silicon interface 
(0.6) [13] were used to calculate the efficiency. The average 
efficiency of the entire device including window and reflection 
due to the photodetector surface is 51%. 

Several ac sets of measurements were taken on this device, 
the results of which are shown in Figs. 12 and 13. These figures 
show efficiencies obtained using two different focusing lenses. 
The data shown. in figure 12 was taken with the 2.5 cm focal 
length lens, which allows the detector to be probed for 
variations in quantum efficiency across the surface of the 
device. As this figure shows, the device seems to have very 
consistant characteristics since the curves do not vary from one 
measurement set to the next. 
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Figure 13 shows the measurements obtained with a focusing 
lens having a 15.24 cm focal length. This yielded spot diameters 
of 45.6 urn and 76.2 un for the Coherent and Lex el laser 
respectively. Since the detector is 85 x 115 urn in sice,, this 
lens provides a reasonable measurement of the average response of 
the detector. Tvhile these measurements do not compare 
absolutely, the relative frequency response is identical. It is 
felt that the difference in absolute, levels is due to a 
combination of the alignment of the system and device saturation 
and not to variances in the quantum efficiency of : the device. 
The saturation effect has been discussed above and as can be seen 
in Table 4 variations occur even in the dc measurements. 

All of the measurements compare very well in terms of the 
frequency response as shewn in Fig. 14. This figure' , snows all of 
the measurement runs; each of which has been normalized by its 
low frequency value. Since the power density incident on the 
detector varied due to the focusing lens, saturation effects 
would have affected the frequency response and would appear here 
as variations between measurement runs. This does not occur and 
therefore, saturation effects on the frequency response are 
negligable. 

The 3 oS bandwidth in Fig. 14 is 1300 MHz. This seems to 
disagree greatly with the 35 picosecond specification. This 
specification, however, rs a risetime speci f icat i on and is not 
equivalent to the steady state response time. The transient 
response shown in Fig. 11 is similar to the impulse response of 
an RLC circuit given by [16] 
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(15) 


0 J 

V ° = 77T27172' ex P(- 27Tkt /T)sin[2TT(l-k 2 ) 1/2 t/T] 

where, T is the free period and the parameter k is a function of 
the resistance, capacitance, and inductance in the circuit.' This 
parameter can be found by comparing the magnitude of the first 
peak to that of the first valley. For this case, k is 0.5. The 
free period here extends from the beginning of the response to a 
point slightly beyond the beginning of the second peak (Fig. 15).. 
This period of approximately 200 psec is the characteristic 
response time which dictates steady state behavior. The 3 dB 
bandwidth in terms of the free period is given by [16] 

f 3dB = 0.35/T (16) 

Thus, the steady state bandwidth that could be expected from this 
detector is 1.75 GHz. This is in good agreement with the 1300 
MHz shown in Fig. 12 and even better agreement with the 1600 MHz 
obtained from Fig. 13 considering only the measurements taken 
with the large spot sizes. 

CONCLUSION 

The measurements on the two available detectors indicate 

\ 

the theory used to predict the detector response is accurate. 
The measurements also indicate the difference in rise time 
measurements as compared to steady state response measurements. 
This steady state response time can be as much as five to ten 
times slower than the transient response time. 

These theories can be used to develop high bandwidth design 
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guidelines. For fast detector response, the diffusion current 
should be eliminated. This can be done by using ultra-thin p- 
layers or side illumination possibly with the use of an optical 
fiber. The depletion region thickness should then be tailored 
for maximum dc efficiency, maximum RC bandwidth and minimum drift 
process response time. 
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The frequency response functions presented here v: ere 
developed in reference 12 end follow the seme general' development 
as in reference 10. In our case is the difference frequency 
between the two incident optical signals and Vj. is the hcie 
saturation velocity. The ratio of the electron to hole mobility 
is b and it has been assumed that a high reverse bias has beer, 
applied so that saturation velocities occur across, the depletion 
region. The uniform generation frequency response function is 
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FIGURE CAPTIOUS 

1 Two illumination schemes for p-i-n detectors. 

2 Theoretical frequency response of the drift process for 
silicon at \ = 0.51 yn with radiation incident from 
the p-side. (Non-uniform generation, two depletion 
widths, w = 5 ym and w = 1 ym). 

3 Theoretical frequency response of the diffusion process 
for silicon at X= 0.51 ym with an impurity 
concentration of 4 x 10^6 cn -3 # Two depletion widths 
shown. 

4 Experimental optical heterodyne measurement system. 

5 Measured heterodyne efficiency for the Ford Aerospace 
L4502 detector using a 2.54 cm focal length focusing 
lens. 

6 Measured heterodyne efficiency for the detector of Fig. 
5 using a 20 cm focal length focusing lens. 

7 Normalized measured efficiencies and predicted response 
for the detector of Fig. 4. 

8 Microwave equivalent circuit of the photodetctor and 
associated instrumentation. 

9 Package effects on the predicted response for the Ford 
Aerospace L4502. The inductor response includes effects 
of package inductance. The short circuit response 
neglects package and load effects. 

10 Predicted responses of the individual processes for the 
detector of Fig. 9. The depletion region response is 
flat over the frequencies - shown. 

11 Impulse response for the Opto-Electr onics PD-015-03 
given by the manufacturer. 

12 Measured heterodyne efficiencies for the detector of 
Fig. 11 using a 2.54 cm focal length focusing lens. 

13 Measured' heterodyne efficiencies for the detector of 
Fig. 11 using a 15.24 cm focal length lens. 

14 Normalized efficiencies for the detector of Fig. 11. 
The 3 dB bandwidth is approximately 1300 MHz. 

15 Impulse response for an RLC circuit with K = 0.5. 


TABLE 1 

L4502 SPECIFICATIONS 


Breakdown Voltage 

10 volts 

Junction Capacitance 

2.5 ; pf 

Series Resistance 

5 ohms 

Light Sensitive Area 

0.01 mm^ 

Spectral Response 

0.5-1 .0 urn 

\ . 

Dynamic Resistance at 6 V 

8 

5 x 10 ohms 

Coherent Minimum 
Detectable Power 

<1 x 10~ 16 watts 


TABLE 2 


L4502 


EFFICIENCY 

LASER 

72 % 

LEXEL 

51 % 

COHERENT 

60 l 

LEXEL 

39 % 

LEXEL 

41 % 

LEXEL 

37 % 

COHERENT 

42 % 

LEXEL 


* Detector realigned 


DC MEASUREMENTS 
LENS 

FOCAL LENGTH MEASUREMENT SET 


2.54 

cm 

1 

2.54 

cm 

2 

2.54 

cm 

2 

20.0 

cm 

4 

20.0 

cm 

4* 

20.0 

cm 

5 

20.0 

cm 

5 


TABLE 3 


PD-015 SPECIFICATIONS 


Risetime into 50 ohms 
Spectral Response 
Light Sensitive Area 


<35 psec 
0.3- 1.1 urn 
75 um x 115 urn 


TABLE 4 


PD-015 DC MEASUREMENTS 


DC 

EFFICIENCY 

LASER 

LENS 

FOCAL LENGTH 

MEASUREMENT 

SET 

72% 

COHERENT 

2.54 cm 

1 

68% 

COHERENT 

2.54 cm 

T 

74% 

COHERENT 

2.54 cm 

2 

77% 

LEXEL 

2.54 cm 

2 

89% 

LEXEL 

15.24 cm 

4 

91% 

LEXEL 

15.24 cm 

4 

90% 

COHERENT 

15.24 cm 

4 

61% ^ 

LEXEL 

2.54 cm 

5 

65% 

LEXEL 

2.54 cm 

5 

71% 

LEXEL 

2.54 cm 

5 

31% 

COHERENT 

2.54 cm 

5 


OPTICAL 

POWER 

5 mW 

10 mW 

11 mW 
8 mW 

10 mW 
5 mW 

5 mW -/ 

11 mW 
7 mW 
3 mW 

21 mW 


2.54 cm 


70% 


COHERENT 


5 


10 mW 
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